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abstract 

This report describes the pyroelectric property of triglycine sulfate (TGS) 
and its application in the detection of infrared radiation. The detectivities of 
pyroelectric detectors and other typos of infrared detectors are compared. The 
thermal response of a pyroelectric detector element and the resulting electrical 
response are derived in terms of the material parameters. The noise sources 
which limit the sensitivity of pyroelectric detectors are described, and the noise 
equivalent power for each noise source is given as a function of frequency and 
detector area. 
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TECHNICAL MEMORANDUM 


THE PYROELECTRIC PROPERTIES OF TGS FOR APPLICATION 
IN INFRARED DETECTION 

INTRODUCTION 


There are two methods by which infrared radiation can be detected. 
These are (1) the direct detection of incident photons and (2) the detec- 
tion of the increase in temperature of a material resulting from the absorp- 
tion of radiation. In this report we will direct our attention to infrared 
radiation detection utilizing the pyroelectric property of triglycine sulfate 
(NH.,CH2 COOH)j (HgSO^), usually abbreviated TGS [1]. But, first, as 

a means of comparison, we will give a brief general description of infrared 
detectors. 

Photon detectors arc classified according to their mode of operation 
as either photovoltaic or photoresistive. In these detectors made of semi- 
conductor material, incident photons wUieh are of sufficient energy interact 
with the material to excite charge carriers between valence and conduction 
bands (intrinsic detectors) or between impurity states and one of the bands 
(extrinsic detectors). The major effort in developing these detectors over 
the past several decades has been to extend their long wavelength thres- 
hold so that they would respond in the 3 to 5 micron and 8 to 14 micron 
atmospheric windows (Fig. 1) [2,3]. One property of these detectors to 
keep in mind is that for optimum operation they need to be cryogenically 
cooled. In some applications lliis can bo a serious disadvantage. 

Thermal detectors arc based on a variety of temperature-dependent 
pi*opertics, such as: the voltage generated when a junction between unlike 

metals is heated (thermocouple), the change in resistance of a metal or 
semiconductor (bolometer) , the change in pressure of an enclosed gas 
(Golay cell), or the change in polarization of certain dielectric materials 
(pyroelectric detector) [4j. One advantage these detectors have over 
photon detectors is that they respond uniformly over a wide spectral region 
if they possess a surface absorption layer which is wavelength invariant. 

On the other hand, they arc generally icss sensitive (Fig. 2). 
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WAVELENGTH IN MICRONS 


I'ijjurc 1. Spectral Iransmitlnnco of 2000 yards of sea-level 
atmosplioro at low humidity and low haziness 13], 


PYHOELKCTRIC MATERIALS 


Crystals arc commonly classified according to their geometric struc- 
ture into seven systc.ns: triclinie* monoclinic, orthorhombic, tetragonal, 

trigonal, licxngonal, and cubic. These .seven systems can be subdivided 
into 32 crystal point groups according to their symmetry with respect to 
a point [5J. Of these 32 crystsd point groups, 11 are centrosymme .ic 
(possessing a center of symmetry) and are not electrically polarized when 
subjected to a uniform stress. The remaining 21 crystal classes are non- 
ccntrosymmctric . and 20 of these become electrically polarized when sub- 
jected to an applied stress. This property is called the piezoelectric 

effect^. Piezoelectricity is determined .solely by the crystal symmetry. 
Thus, if a crystal belongs to one of the preceding 20 nonccntrosymmetric 
classes, it will be piezoelectric. 

The pyroelectric materials form a subgroup (containing 10 crystal 
classes) of the piezoelectric.^ (sec Appendix A) [7, 8]. They possess a 
spontaneous electrical polarization. This polarization is usually masked 
by stray charges from the atmosphere which collect on the surface and 
lend to neutralize it. However, when the temperature of such a crystal 
is jillorcd, the polarization changes; this change can be observed, hence 


1. Piezoelectricity is the electric polarization produced by an applied 

stress. This effect was cli.scovcrcd by J. Curie and P. Curie in 1880 
when they realized that the difference between the charge developed 
upon uniform and nonuniform healing was due to the thermal stress 
created in the pyroelectric .sample [6]. 
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Figure 2. The urea- normalized detectivity as a function of frequency 
for various types of thermal detectors: the pyroelectric element 

(PE), the Golay cell (G). the thermopile (T), and an 
immersed thermistor (IT). The dashed line 
represents the limiting case of the ideal 
thermal dctector. 


the name pyroelectric. Pyroelectricity, like piezoelectricity, is solely a 
property of crystal symmetry. Hence, any crystal belonging to one of 
the 10 pyi*oelcctric crystal classes will have the pyroelectric property. 

It has been found that most of the pyroelectrics which possess the largest 
pyroelectric coefficients .also belong to the relatively small class of mate- 
rials called fcrroelectrics. These materials typically have a pyroelectric 
coefficient 10 to 100 times greater than nonferi’oeloctric pyroelectrics. 

The fcrroelectrics form a subgroup of the pyreekictrics [9]. They 
possess spontaneous electrical polarization, like the pyroelectrics, but 
have the additional property that their polarization can be reversed by 
an applied electric field. They exhibit an electric hysteresis analogous 
to the magnetic hysteresis oxhibitetl by ferromagnets (Fig. 3). This 
additional property cannot be predicted from crystal structure alone but 
must be determined on an experimental basis. Associated with each 
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Figure 3. Ferroelectric hysteresis. 

ferroelectric is a critical temperature called the Curie temperature. Above 
this temperature the ferroelectric property disappears. Below the Curie 
temperature, a ferroelectric usually consists of a number of oppositely 
polarized donmins. To give the crystal a unique sense of polarization, an 
external electric field must be applied to align all the domains- This is 
known as "poling" the crystal [10]. When the external field is removed, 
as is required to acliicve low noise performance for infrared detection, 
new domains of opposite polarization may appear at a later time, resulting 
in a reduction of detector signjd. 

TCiS is a ferroelectric with a Curie temperature of 49°C. It has a 
momxilinic crystal structure with a space group of P2 below the Curie 
temperature. Its pyroelectric coefficient goes to zero as the Curie temper- 
ature is reached; therefore, as an infrared detector it must be used below 
49‘^C. Figure 4 shows the temperature dependence of its polarization, 
pyroelectric coefficient and dielectric constant [11]. The best compromise 
between performance, resistance to depoling, and reasonable temperature 
range of operation is achieved when TGS is used at or near room tempera- 
ture. TGS is water soluble, and single crystals can readily be grown 
from an aejueous solution. It h'»s a single cleavage axis perpendicular to 
its pyroelectric axis and is .sonietinjcs grown from a deuterated solution or 
one containing it-alaninc [12, 13], 
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Figure 4. The temperature dependence of the polarization P, the 
pyroelectric coefficient \ and the dielectric constant e for a 
crystal of pure TGS (A = dP/dT). 
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PYROELECTRIC INFRARED DETECTION 


A pyroelectric infrared detector may be made by applying electrodes 
to those surfaces of a plate of pyroelectric material normal to the axis of 
polarization. Infrared radiation incident on the detector is absorbed and 
changed to heat, causing the temperature of the plate to rise. A change 
in the spontaneous polarization (P) of the plate proportional to the change 
in temperature (T) is produced: 


dP = XdT 


( 1 ) 


The constant, \, is called the pyroelectric coefficient. If the electrodes 
are connected through an external circuit, a current will flow until the 

polarization surface charge o = ? • n is compensated by free charges 
flowing in the circuit. Tliis curi*ent is given by 



dP _ . dP dT 
dt ~ ^ dT dt 


A \ 


ipr 

dt 


( 2 ) 


where A is the area of the electrodcd crystal surface. The current is a 
measure of the rate of change of the temperature of the detector and is, 
therefore, a measure of the incident radiation. 

Because the current is pixiportional to the time rate of change of 
detector teinperatui’e, u constant infrared radiation input to the detectoi 
will generate no signal once the detector has reached thernial equilibrium. 

2 

Therefore, an optical chopper must be used ahead of the detector. If 
the incident radiation is chopped at a frecjucncy ai, the detector will 
respond as sliown qualitatively in Figure 5. 

To obtiiin a (juantitative result wc will use the method illustrated in 
Figure 6. 

If the detector is originally at the temperature of its surroundings 
(heal sink). T. the absorption of the incident radiation will raise it to a 
temperature T + U. It will llien lose hc.at to its surroundings at a rate 
tii'. The heat ratt* balance (K|uation can then be written ns: 


iW = II 


lb) 

dt 


+ tJii 


(3) 


Y. Pyroclcctrr<r<relectors may jdso be used without choppers to detect 
transient signals, such as laser pulses. In this mode they can mea- 
sure the total energy of the transient by storing the total electrical 
surface charge liberated by the signal [8]. 
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Figfure 5. Thermal ami electrical resix>nse of a pyroelectric detector 

to chopped infrared radiation. 



Figure 6. Equi' alcni thermal circuit of a pyroelectric detector. 
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where: 


n is the emissivity of the detector surface 
W is the incident radiation power 
H is the thermal mass of the detector 

G is the thermal conductance between the detector and its heat sink 

0 = - T is the difference in temperature between the detector 

(T^) and the heat sink (T). 

The limiting^ value of G is the radiative conductance for each radiating 
surface 


G = 4 0 i| A 0^ 

r 


(4) 


where o is the Stefan-Boltzmann constant. ii is the emissivity of the sur- 
face. and A is the area of the surface. In an actual detector there will 
usually be other significant contributions to the conductance. The power 
incident on a thin slab of pyroelectric material from a beam of infrared 
radiati.c n chopped at a frequency ai can be expressed as: 


W = (1 - e^'^’S 


(5) 


If equation (5) is substituted into equation (3) and the differential equa- 
tion solved for 0. we get a transient term plus a steady state solution 
consisting of an average temperature change of 


Qav = ^ W^/G 


( 6 ) 


and oscillating component 


0 = 
Ul 


(n w^/(G^ + 


^ji(‘t + (}>) 


(7) 


where the phase angle is (f> = tan ^ (wH/G) (see Appendix B). This is 
the phase difference between the incident radiation and the temperature 
response. Foi maximum thermal response to a given incident radiation 
it is clear from equation (7) that the value of G should be as small as 
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poMible and u sufficiently small so that uH << G. That is to say, we 
want to maximise the interaction of the thermal detector with regard to 
the inddwit radiation (H small) while minimising as far as possible all 
other thennal contacts of the detector with its surroundings (G small). 

2 2 

It is also clear that as o) increases, the term <o H will eventually become 
2 

greater than G . When this happens, the temperature response 6 will 

start to decrease inversely as w. This defines a characteristic thermal 

time constant H/G. Generally will have a value in the range of 

tens of milliseconds to seconds. It is a measure of how quickly the detec- 
tor responds thermally to the onset of incident radiation [14]. These 
general characteristics arc shown in Figure 7. The calculations in equa- 
Uons (3) through (7) assumo that the in • dent radiation is absorbed uni- 
formly throughout the sample. This may not be entirely correct if the 
material has a large absorption coefficient or if it is coated with a thin 
absorbing layer. 

One way of electrically describing a pyroelectric detector is shown 
in Figure 8. Here the detector is represented by a current source in 
parallel with the detector's capacitive (C|^) and I'csistivc (R£) output 

impedance. The output from tliis detector is fed into an amplifier whose 
input impedance is also shown schematically in Figure 8. The voltage 
applied to the amplifier is tlic voltage across the combined impedances of 
the detector and the amplifier (15. 10], 


V=i \ Z |=iR(l + u^^ I 2)“ (8) 


where 




Here = RC is the electrical time constant of the combined impedances, 
and 


i = A A dO/dt = X A(o0 

(I) 


( 9 ) 


Therefore , 


V = wX A 0 R (1 + 

(i) IS 


( 10 ) 
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Cl} 


Figure 7. Tlie tht^nnul ivsjxjnsc' and the voltage (Ry) and 
current (R. ) ivs|x*isivit it's oi a pyroelectric detector as 
a function <d’ fnxiui'ncy. r,^, imd Tj, are the thermal 
and electrical tint' constants of the detector. 



(a) 



AMPLIFIEfl 



Figure 8. Equivalent circuits for a pyroelectric detector, (a) 
Equivalent circuits of a pyroelectric element and an amplifier, 
(b) Equivalent circuit showing the combined impedance of 
the detector eloment and the amplifier. 
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butt 


0 = n w (G^ + hV = (n w /G) (1 + u)^ T V ; 

b> O 0,1 

( 11 ) 

hence , 

V = (oX AR (n W^/G) (1 + (1 + u)^ TgV . 

( 12 ) 


The voltage responsivity is defined as the output voltage /input radiant 
power: 


= V/W = (n <dX ATl/G) (1 + J T,j.^) (1 + 0 )^ Tg^)" 

(13) 

Similarly, the current responsivity is defined as output current /input 
radiant power: 


R. = i/W = (n coX A/G) (1 + ( 0 ^ T,j.^)~ 


(14) 


The responsivity reaches its greatest value at chopping frequencies greater 
than the thermal relaxation frequency, G/H, which falls typically within 
the range 0.1 to 10 Hz, depending on the thickness of the crystal plate 
and the method of mounting. A typical detector made from a TGS plate 
1 mm square and 20 ym thick will have a thermal relaxation frequency 
fij, = 0.8 Hz [7]. Chopping frequencies greater than 10 Hz are used in 

the majority of applications; therefore, the high frequency approximations 
of equations (11) through (13) may be used. 


^ n W/u)H (15) 


R^ ~ P X A/wHC 


(16) 


In terms of material parameters. 


Ry 2 (l/aie^) (n X/eCp) (1/A) 


(17) 
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where is the permittivity of free space, e is the dielectric constant, 
and Cp is the volume specific heat. 


PERFORMANCE OF PYROELECTRIC DETECTORS 


One of the important performance parameters for any infrared 
detector is its ultimate sensitivity. For a pyroelectric detector this ulti- 
mate sensitivity is expressed by the noise equivalent power (NEP), which 
is defined as the minimum detectable power per unit frequency bandwidth 
at a given operating frequency and radiation wavelength. The more sensi- 
tive the detector, the lower its NEP. The units for NEP are 

The ultimate limit of the sensitivity for the detector is determined 
by the presence of noise signals generated within the detector element 
and its associated electronics [18-20]. The principal noise sources are: 

(I) temperature or radiation noise, (2) Johnson noise, (3) amplifier cur- 
rent noise, and (4) amplifier voltage noise. 


Temperature or Radiation Noise 

When thermal equilibrium has been established between a small body 
of thermal capacity H and a heat sink at temperature T through a thermal 
conductance G, there will be no mean power flow between the body and 
the sink. However, there will still exist power fluctuations whose rms 
value is given by 


AW.J, = [4 k TG^ (Af)J^^^ 


(18) 


where 


AW^ = thermal energy fluctuation 

-23 - 1 

k = 1.38 X 10 JK Boltzmann’s constant 
T (®K) = temperature 
G = thermal conductance 
Af = the frequency bandwidth. 
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Theae power fluctuations will be mininal when G is a minimum. This 
occurs when the <mly theroml coupling between the detector and its heat 
sink is via radiative exchange. Applying the Stefan-Boltsoiann radiation 
law, the radiative thermal conductance is 


Gjj = 4 A n a (19) 


where 


A = area of the detector 
n = emissivity 

a = Stefan-Boltzniann's constant 
T = temperature, 


for a single radiating surface of area A. For a thin plate with both sides 
at the same temperature, T, the value of G_ will be doubled. 


Johnson Noise 

In a resistor the random thermal motion of free electrons will r use 
random positive and negative voltages to appear. This is the origin of 
Johnson noise in a resistor, and the resultant rms noise voltage so gen- 
erated is given by: 


AVj = [4 k T R (Af)l^^^ 


( 20 ) 


where k is the Boltzmann constant, T is the temperature, R is the resis- 
tance, and Af is the frequency bandwidth. 

To understand the origin of Johnson noise in the pyroelectric detec- 
tor element one must first realize that it is not a perfect or ideal capacitor. 
An ideal capacitor is one in which no energy is irreversibly dissipated 
during a complete charge-discharge cycle. There are two mechanisms for 
irreversible energy dissipation in real capacitors: 

1) The dielectric is not a perfect insulator, and some free charge 
carriers will move through the dielectric from one plate to the other under 
an applied Qeld. The random thermal motion of these free charge carriers 
causes a Johnson noise voltage to appear across the element. 

2) Some energy is irreversibly lost in the polarization reversal 
process. The measure of this loss is given by the dielectric loss tangent. 
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Because of these properties, the dielectric element is represented 
by the electrically equivalent circuit of a capacitor and a resistor 

in parallel. Also note that the input impedance of the amplifier is also 
represented by a resistor R . and a capacitor C. in parallel as in 
Figure 8. ^ 

If we use the preceding description of the detector plus the amplifier 
inr‘Ut i >pedance, then in calculating the Johnson noise generated by it 
wi) m v. t replace R in equation (20) by the impedance of the circuit shown 
in Fig ire 8. This gives 


, 1/2 


AVj = [4 k T 1 Z 1 (Af)r'* = |4 k T 


4 


1 + 




1/2 


( 21 ) 


•> 2 2 

For fr.Kiuencics such that R C » 1 we get 


„ _ (4 k T 

J “ u'C 


( 22 ) 


Recall that the voltage responsivity is 


R. 


ti ( ii> \ AR /G ) 


(1 


(1 + 


J h^kjV^ 


ti X A 

utH C 


(23) 


for friKjuencies such that ioR^ > 1 and u'^ H^/G“ » 1. Then the 
incident power required to generate a signal voltage equal to the Johnson 
noise voltage is given by 


AV, 

P = - - 

V 


(4 k T R'^^“ 

nXA/,.'HC 


(24) 


which becomes 




k T (Af)J 

nA 


1/2 


C (nA) 


1/2 1/2 


(25) 
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where 


H = Cp aA and 0 = g J . 

One must understand that the conductivity o in equation (25) 
should include both the dc conductivity and the dielectric loss we" of the 
material. 


Amplifier Current Noise 

This type of noise is caused by fluctuations in the current arising 
from the discrete nature of charge carriers. In bipolar transistors the 
noise originates in the base current. In JFET's the gate leakage current, 
which is very small, is the source of current noise. The rms noise cur- 
rent for a 1 Hz bandwidth is 


Ai^ = (2 ei)^^^ 


where i is the current and e is the electronic char^. 
noise voltage is 


AV. = RAi^ (1 + (0^ 


At high frequencies this becomes 


AV. = Ai. /(i)C = (2 ei)^^^/uC 

1 A 


26) 

The equivalent 


(27) 


(28) 


Amplifier Voltage Noise, V^ 

This is a noise voltage produced by the amplifier, which may be 
observeti when the amplifier input is short-circuited. It is independent 
of the impedance of the circuit connected to the input of the amplifier. 
It has been measured on severiU amplifiers and has been observed to 
1/4 

decrease as 1/f until becoming independent of frequency in the range 
of 500 to 5000 Hz [17]. 
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The four noise voltages can be replaced by an equivalent noise 
voltage 

AVj^ = + AVj^ + AV.^ + . (29) 

A minimum detectable incident power, P^, can now be defined in the 
following manner: consider an incident (rms) power signal, P^, which 
produces a (rms) signal voltage, V , which is just equal to AV , with 
an amplifier bandwidth Af. Then 


Pn*^V “ ~ 


so 


AV 


N 


(30) 


(31) 


Similarly , one can define the NEP as the minimum detectable power per 
unit frequency bandwidth at a given operating frequency and incident 
radiation wavelength, 


NE.» = 


N 


(Af) 


1/2 


(Af)^^^ R, 


WHz 


- 1/2 


(32) 


The minimum power of a detector is often described by the detectivity, 
which is the reciprocal of the NEP; 


D = 1/NEP W ^ 


(33) 


Since the intensities of some of the noise sourer s are proportional to the 
square root of the detector area, a figure of m^rit often used to compare 
the performances of detectors is the area normalized detectivity 


D* = A^^^/NEP cm Hz^^^ W"^ 


(34) 


16 





The wavetength or black body temperature of radiation used, the chopping 
frequency, and the amplifier bandwidth are normally specified with the 
detectivities. 

In discussions about the ultimate sensitivity of thermal detectors, 
one often comes acn>ss the term "ideal thermal detector." By this is 
meant one in which the NEP is limited solely by the temperature noise and 
in which the Johnson noise, amplifier current, and voltage noises are 
assumed to be zero. In this limiting case the NEP is just equal to the 
thermal noise. Thus, from equation (18) we have 


NEP = [4kT^G]^^^ 


(35) 


and for a minimal value, 


G = = 8 A n a 


where it is assumed that both sides of the detector are radiating. Hence, 

NEP = [32 A n 0 (36) 

where o = 5.67 x lo"^^ J cm'^ K~‘* and k = 1.38 x 10“^^ .T Setting 

2 

A = 1 cm , T = 300^K and n = 1; completing the calculation gives 

NEP = 7.8 X 10'^^ W H (37) 

z 


or 


D* = A^^^/NEP = 1.3 X 10^® cm 


(38) 


In the case of real pyroelectric detectors the Johnson noise, amplifier 
current, and amplifier voltage noises cannot be ignored and, in fact, are 
the real limiting factors in determining the total NEP. This cur. be illus- 
trated by the following expressions for the NEP due to each of the noise 
sources when using the high frequency approximation: 
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■■n T<»»p«r«tur. = n o M1»'* A*'* (39) 

•“n Johnson = ' K«T)‘'^nXI (aA)‘'* 

= I(4kT)^^2/nXI Cp (aA)^^^ 

= t(4kT)^^^/nXl Cp (aA)^^^ (ue’ tan 6)^^^ 

(41) 

**N Amp. Current ~ ~ 

**N Amp. Voltape “ ^'^A “' ^p A /ti\ . (43) 

These expressions lead to the general character log-loe plot of NEP ver- 
sus frequency shown in Figure 9 [211. 

(C 

Ul 

Z 

<3 
O 

Figure 9. Variation of noise equivalent power with frequency. 

The dominant noise source for each frcijuency region is as follows: 

1) Region 1 due to amplifier current noise (NEP independent of ux) 

2) Region 2 duo to Johnson noise (NEP a >3) 

3) Region 3 duo to amplifier voltage noise (NEP a ;o). 

It should be noted that the NEP duo to temperature noise is not shown in 
Figure 9 because it is of smaller magnitude than the others, and it is also 
independent of frequency. 

The effect of the area of the detector on the NEP can also be seen 
in Figure 10. 



18 


w 



Figure 10. Noise equivalent power NEP versus frequency F for three 
values of the electrode area A. 


To express the properties required to minimize the NEP, some 
attempts have been made to define a figure of merit for pyroelectric detec- 
tors. Unfortunately, no single combination of parameters will suffice for 
all operating circumstances: thus, the following three figures of merit are 
sometimes used [111: (1) \/C for low frequencies and small areas, (2) 

1/2 ^ 

Xp /C for intermediate frequencies and ai'eas, and (3) A/C e for high 
P P 

frequencies and large areas. 


To illustrate the effects of detector configuration on detectivity, 
we can consider a detector using a single TGS element with a voltage mode 
FET amplifier. The FET is a 2N4861 JFET which has been selected for the 
lowest noise levels. The material properties of TGS and the pertinent 
parameters of the JFET are given in Table 1. (A wide range of values 
for some of these parameters is found in the literature; these are typical 
values. ) 


1 


TABLE 1 

Properties of TGS at 25*^ C [17] 

A = 4.0 X 10'® C cm'*'^ K'^ 

Dielectric constant i = 35 

Volume resistivity P = 1.7 x iJem 

-3 - 1 

Volume heat capacity c' - 2. 5 J cm K 
Emissivity i) = 1 (assumed) 

J FET Characteristics (Selected 2N4861) [22] 

Voltage noise at 25® C, 100 Hz. e^ ^ 3 r)V//TTz 

Gate leakage current at 25° C, 1^ ^ 1 p A 

Voltage noise at -100° C, 100 e^ 1.5 nV/**Hz 

Gate leakage current at -100° C, 1^ . 0.01 p A 
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This detector will use a chopper frequency of 100 Hz. The thick- 
ness of the TGS element will be 20 pnu Using equations (39) through 
(43) we can calculate the NEP of each noise k>urce. 

For this detector, the values of NEP at T = 25° C are 


NEP.„ = 7 X 10"^^ W H 
AV. z 


NEP.y = 3.65 X io"^2 A W Hz 
A 


NEP^^^ = 7.67 X 10 A^^^ W Hz 


NEP.„ = 2.75 X 10 ® W Hz . 

J 


where A is detector area, and assuming load resistance- R. = 10*' Q. 

The values of NEP as a function of area are shown in Figure 11. 

The dependence of the NEP on area shows that detector geometry will 
determine which noise source is dominant. This provides a method of 
optimizing detector performance. There are two possible configurations 
for a pyroelectric detector: the face electrode, in which the pyroelectric 

axis is normal to the receiving area and a transparent or absorbing elec- 
trode is applied to the front surface of the detector, and the edge elec- 
trode, in which the pyroelectric axis is parallel to the receiving area and 
the electrodes are applied to the edges of the plate. These configurations 
are shown in Figure 12. 

The values of NEP calculated previously were for the face electrode 
configuration. In calculating NEP for the edge electrode configuration the 
area of the receiving surface and the area of the electTOdes are not the 
same. In calculating the temperature noise the receiving area A^ is used, 

while the electrode area A ^ is used for Johnson and amplifier voltage noise. 

NEPAW.J. is the same for both configurations. NEPAV^ involves the value 

Ad. d is the distance between electrodes, which is the plate thickness in 

the face configuration and the length of a side in the edge configuration. 

Therefore, Ad is the same viiluc for both configurations, so Johnson 

noise does not depend on geometry. However, the responsivity depends 

on A, so the relative importance of amplifier noise is affected by geometry. 

For the edge electrode, NEPAV. will bo larger and NEPAV. will be smaller 

^ A 

than for the face electrode configuration (14J. 
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Figure 12. Two possible configurations for a pyroelectric 

detector element. 


SUMMARY 


Although photon detectors are the most sensitive infrared detectors 
available, thermal detectors utilizing tiie pyroelectric effect have a number 
of advantages, including broad spectral response, simplicity of construc- 
tion, ruggedness, and room-temperature operation. Thfese detectors may 
be optimized for various applications by appropriate choice of element size 
and shape, absorbing coating, amplifier characteristics and chopping fre- 
quency. For example, a simple infrared detector may utilize a small ele- 
ment area, while an infrared imaging system requires a large area. Maxi- 
mum sensitivity is achieved by maximizing the thermal response of the 
detector element and by reducing the noise generated in the detector and 
associated electronics. Maximum thermal response requires a thermal con- 
ductance, G, between the detector element and its surroundings approacn- 
ing the radiative value , a large pyroelectric coefficient A . and an element 
emissivity i| close to unity. This may be achievable, at least for large 
area detectors, by improved mechanical design, proper choice of materials, 
and evacuation of the detector housing. Continuing improvements in JFET 
characteristics have reduced amplifier noise to such low levels that detector 
Johnson noise is the primary limitation on detector sensitivity over a wide 
range of chopping frequencies and element areas. The eonductivity of 
the crystal, which governs the generation of Johnson noise, depends on 
the concentration and mobility of free charge carriers in the crystal. Since 
these parameters are probably influenced by the number of defects intro- 
duced into the crystal during ihe growth process, it is reasonable to 
expect that improvements in the method of growth of TGS crystals will 
yield crystals with the low conductivities needed to reduce Johnson noise 
to a value approaching the radiative thermal noise limit. 


22 




REFERENCES 


1. Matthias. B. T., Miller, C. E., and Remeika, J. P.: Phys. Rev., 

104 , 849 ( 1956 ). 

2. Levinstein, H.: Physics Today. M, No. 11. 23-28 (1977). 

3. Gebbie, H. A. et al. : Proc. R. Soc. , A20;., 87 (1951). 

4. Levinstein, H.: Characterization of Infrared Detectors, Semiconductors 

and Setnimetals (Ed. R. K. Willardson and A. C. Beer), Vol, 5, 
Academic Press, New York, pp. 3-12, 1970. 

5. Kittel, C-: Introduction t o Solid State Physics, 2nd ed. , Chapter 1, 

John WUey t Sons. New Yo^rk. 

6. Cune, J. and Curie, P.: C. R. Acad. Sci. Paris, 294 (If 80); 

La 5 , S. B.: Sourcebook of Pyroelectricity , Gordon and Breach 
Science, liondon, 1974. 

7. Pyroelectricity (temperature-dependent spontaneous electric dipole 
moment) has been known from ancient times. However, the modern 
study can be traced back to Gaugain's work in 1856 on such materials 
as tourmaline. Gaugain, J. M.: C. R. Acad. Sci. Paris, 4^, 1264 (1856) 
and 43, 916 (1856). 

8. Lines, M. E. and Glass, A. M.: Principles and Applications of 

Ferroelectrics and Related Materials , Clarendon Press, Oxford, 1977. 

9. Fe.i’roelectricity was first discovered in 1920 by Valasak in Rochelle 
salt. Valasak. J.: Phys. Rev., 1^, 537 (1920) and _H, 475 (1921). 

10. Dekker, A, J.: Solid State Physics. Chapter 8, Prontice-Hall, Inc., 

New York, 1957, 

11. Keve, E. T.: Philips Tech. Rev., No. 9, 247-257 (1975). 

12. Ix)ck, P. J.: Appl. Phys. Lett., 390 (1971). 

13. Keve. E. T.; Bye, K. L.; Whipps, P. W.; and Annis, A. D.- 
Ferrock ctrics 3, 39 (1971). 

14. Putley, E. H.: The Pyroelectric Detector, Semiconductors and 

Semimetals, Vol. 5, Chapter 6 (Ed. R. K. Willardson and A. C. Beer), 
Academic Press, New York, 1970. 

15. Cooper, J.: Rev. Sci. Insi ., 92-95 (1962). 

16. Cooper, J.: Rev. Sci. Instr., 467-472 (1962). 


17. Lang, S. B,: Sourcebook of Pyr o electric ity . Gordon & Breach Science, 

London, 1971. pp. 46-47, SO. 

18. Smith, R. A.r Jones, F. E.: and Chasmar, R. P. : The Detection 

and Measurement of Infrared Radiation , Oxford University Press. 
London, 1%8. 

19. Logan, R. M., and Moore, Katharine: Ir • "ared Physics n, 37-47 

(1973). 

20. Ixigan, R. M. : Infrared Physics 13. 91-98 (1973). 

21. Baker, G.. Charlton. D. K.. and lA)ck, P. J.: Radio Electronic 
Engr. . ^ (6), 260-264 (1972) and Infrarcnl Dete ctors (Ed. 

Richard D. Hudson, Jr., and JacMueUnc Wordsworth Hudson), 

Vol. 2. !' listed Press, New York, pp. 2-10 244. 

22. Kennctly. E. J.: University of T«‘iinossee. priva;.c communication. 


24 



APPENDIX A 


THE 32 CRYSTALLOGRAPHIC POINT GROUPS ARRANGED BY 
CRYSTAL SYSTEMS [8) 
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A tick (»') imliciitcs that tlic p«nnt i;roup is pyrockvtrio. picioclcctric . or 
crntrosyminctrSc, as the case may be. 



APPENDIX B 


To determine the thermal rcs|>onae of a pyroelectric crystal to a 
given incident infrared radiation, the following energy balance ct{uation 
must be solved. 


tiW = n + OO 


(B-1) 


where 

n, is the cniissivity of the crystal ilotoctor surface 

W is the incident radiation intensity 

II is the thermal mass of the erystal ileteetor 

G is the thennal eonduetance belwivn the crystal detector and its 
heat sink 

I' T is the difforeiUH' in temperature between the erystal d'- 

toett)r and the heal sink (T) 


Because the crystal is a pyitn'leetrie and responds to changes in 
temperature rattier than to a sleatly state ti'inperature . a mechanical 
chopper is usually placed in the path of the radiation hefoiv it strikes 
the crystal. 

Witti a cliopper of frev|uem?y f Vi >2 . tl'i' form i>f the radiation 
which reaches the crystal is 


W :: W (I e“S 
o 


(H 2) 


Tlie energy balance e»|Uation is then written as 


-I W ( 1 
o 


i.'l 

e 


) 


11 


d ’ 
(It 


G 


tn ;t) 
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This is a linear differential equation of order one 
form of such equations is 

A (X) + B (X) y = C(x) 

where A, B, and C are functions of x. 

To arrive at a solution for this type equation we 
to get the form 

dy + P (x) y dx = Q (x) dx 

where 


P (X) = B(x)/A(x) 


Q (X) = C(x)/A(x) 


Next we multiply equation (B-5) by e 


/Pdx 


dy + P y dx = Q dx 


We now show that the left side of equation (B-6) 
differential . 


d (ye'M-) = y d 


„/Pdx , 

+ e dy 


and 


d (e-^**‘**) = ^ (/Pdx) dx = P dx 

Then 

. / rPdx\ „ /Pdx . ^ /Pdx . 

d lye 1 = P e y dx + e dy 


. The general 

(B-4) 

rearrange terms 
(B-5) 


(B-6) 

is an exact 

(B-7) 

(B-8) 

(B-9) 
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We can now rewrite eti nation (6) as 


(y 


/Pdx , 
c Q dx 


(B-10) 


and solve by direct integration 


y e-^***** = Jq c^**‘** dx 




We now apply the preceding nietlrnl to C(|uation (3). First, we 
rearrange terns to give 


I’ "W, „ 

do + jj i' <tt ~ y-‘ (1 - e*“S lU. 


(B-12) 


Next, wo multiply iH|uation (12) by the inlogi-ating factor e 


■' 11 


4i lit -^ri '" (■ 'li i> 

e do + e j* 0 dl - e -jj*- (1 e* dt 


(B-13) 


Wo then integrate iH|uiition (13) 


0 e 


n‘ nw 


‘’o f n 

1, Jc 


: t 


(1 e ) dt 


(R-14) 


',W - t 

o H ‘ 

li 


/J'u. lO'*")' 


dt 


(B-15) 


^ - 1 : * 

;i r_ *> 

II 


c, 

I ii 
(1 i\l ’■ 


1 


(d/ll + l.l) 




(B Iti) 


!iw p,w . . 

n ‘ B 

■ (I (d +'i.ri) ^ 


(U 17) 
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- » isst'ViVtffcO-S t*'4. 



The initial conditions are 6 0 whm t > 0. Solve (17) for the 

constant of integration c' 


° = -g^ - (ITTW * 


-nw„ nW 

^ " G (G + iwH) • 


(B-18) 


Substituting for c' in equation (17) gives 


nW, 


e = 


(l 6 "' 

y I - G - VTa r H - e J 


(B-19) 


This is the solution to equation (B-1), However, it is instructive 
to put this solution in a somewhat different form. Consider the term 


nW 


i|W 


o iu»t _ " o G - iwH iuit 

G + iu)h ® “ G + iaiH G - iwH 


- A (G - io)H) 

(B-20) 


Now 


(G - iu)H) = (G - ia'H) (cos u>t + i sin uit) 


(B-21) 


= G cos u' t - iiiiH cos iot + i G sin u't + uiH sin ut 


(B-22) 


= (G cos (i t + wH sin lot) + i {G sin vot - a^H cos u't] . (B-23) 


Let 


G = cos and oiH = sin <|> • 


(B-24) 
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then 


(G - i H) = [cos wt cos (f + sin mt sin <J>] 

+ i [sin cot cos - cos wt sin <J)] 

= cos (<ot - 4>) + i sin (u>t - i))) 

_ i(u>t-(}i) . . . uH 

= e ' where tan J) = 

(j 

Equation (19) can then be written in the following form: 


0 = 


T)W 

< 

G 


\ / (G^ + n^) 


- 4 >) 


where the terms on the right-hand side are the steady state, 
and oscillatory terms, respectively. 


(B-26) 

(B-27) 

(B-29) 

transient 
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